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PRELIMINARYINVESTIGATIONOF COMBUSTIONIN FIOWINGGAS

mm VARIOUSTuRBmmm PROMO!CERS

By GordonW. Haddockand J. HowardChilds

SUMMARY

An investigationwas made of ccmbustion oocurrhg downstreamof

variousturbulenceprmoters in a 20-fnohlengthof l&inch inside-
diameter,water-jacketedtubirgusingpremixedvaporizedfuel and air.
Meteredquantities-ofwaterwere injectedto reducethe outlettemper-
aturesto valuesthat oouldbe measuredwith thermocouplesand a heat
balanoewas made to detezminecombustionefficiencies.The nominal
lengthavailablefor combustionwas alteredby ohangingthe position
of a movablewater spray.

Among the turbulencepromotersinvestigatedwere flat plates
perforatedwith l/8-lnohdiameterholes,l/4-inohdiameterholes,
and a singlelargehole to give 12.4,17.2,and 21.5 peroentopenarea,
respectively.For eaoh percentageof openarea investigated,the
turbulencepromoterwith the intermediate(1/4 in.) hole sizegave
stablecombustionat the highestinlet-airvelocity. The turbulence
promoterswith the largestpercentageopenarea (21.5)gave stable
combustionat the highestinlet-airvelocitiesfor a fixed inlet-
air pressure,probablybeoausethe pressurein the combustionzone
increasedwith increasedopenarea.

At an inlet-airtemperatureof 80° to 90° F and an Inlet-air
pressureof 39.7 poundsper squareinchabsolute,combustionoould
not be maintainedwith any of the turbulencepromotersInvestigated
at fuel-airratiosbelow 0.05 or at inlet-airvelocitiesabove
87 feet per seoond. At the higherinlet-airtempaature investigated
(200°0r 225°F), the limitsof combustionwere somwhat wider.
Combustionefficienciesrangedfrom 85 to 95 peroentfor all con-
ditionsinvestigated.The ratioof the isothermaltotal-pressure
loss to the inlet-airvelocitypressurecomputedfrom the upstream
densityand the cross-sectionalarea of the combustionzonewas
approximatelythe sameas valuescmnputedfor the prima= combustion
zoneof a typioalgas-turbinecombustor.Flareslengthsof about
2 incheswere indioated.
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INTRODUCTION

The combustionprocessIn gas-turbineand ram-jetenginestakes
placein a steady-flow,turbulentair streamintowhichfuel has been
injected. In orderto investigatethe role of turbulencein this
process,the effectof turbulencemust be isolatedfrom the effects
of the otiervariables,suchas pressure,temperature,velocity,fuel-
air ratio,air distribution,and fuel atomizationand distribution,
whichare knownto influencethe combustionprocess(reference1 and

. NACA unpublisheddata).

The apparatust3.nathe preliminaryresultsfroman investigation
conductedat the NACA Clevelandlaboratoryon the effectof several
turbulencepromoterson continuouscombustionin a flowinggas are
described. The turbulenceprcmoterswere investigatedat controlled
steady-flowconditionsof pressure,temperature,velocity,and fuel-
air ratioin a homogeneousmixtureof’vaporizedfueland air. With
each turbulencepromoter,datawere obtainedon ignition’character-
istics,stabilitylimitsof combustion,combustionefficiencies,pres-
surelosses,and nominalflamelengths.

No attemptwas made to evaluatethe turbulenceresultingwith
each turbulencepromoteror to co.u’elatethe dataas a functionof
the turbulentconditions.

APPARATUSAND INSTRUMENTATION

A photographand a diagramof the apparatusare shownin figures1
and 2, respectively.Air Was admittedfrom the laboratoryair supply;
an electricheatercontrolledthe inlet-airtemperatureand a valve
controlledthe inlet-airpressureand flow. Afterbeingheatedabove
itsnormalboilingrangein an auxiliaryheat exchanger,AN-F-22fuel
was injectedthroughmultipleorificesintothe air streamat a point
20 inchesupstreamof the,turbulencepromoter. Combustionoccurred
downstreamof the turbulencepromoterin a 20-inchlengthof water-

jaoketedl~inch inside-diametermonelmetaltubing. A movablewater

sprayinsidethe water-jacketedtubemade it possibleto shortenthe
ncmhal lengthavailablefor combustionto any desiredvalue. IWn-
streamof the water-jacketedtubewas a lengthof 4-inchinsulated
pi~ in whichthe watervaporizedand mixedwith the e-ust gases.
The etiust-gaswater-vapormixturewas passedto the laboratory
exhaustsystem;a slidevalvecontrolledthe e-ust -pressure.

The ignitionsourcewas a sparkplugwith extendedelectrodes
passingthrougha water-cooledpassageso as to avoidany hot spots
on the flame-tubewalls. The sparkelectrodeswere flushwith the

.
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tubewalls. The movablewater sprayconsistedof six radial
branchingat rightanglesfrom a centralshaftthroughwhich
waterwas supplied. Multipleorificesin each of the radial
injectedwater in a fine sprayno-l to the flow of gases.

The turbulencepromoterswere fabricated=froml/16-inch

spokes
the
spokes

Inconel

and were suspendedby spotweldingfrom the l&inoh tub supplying
the fuel+ir mitiure. One turbulencepromoterconsistedof a 30° cone
with 29 holes 1/8 inch in diameterdrilledin its surface,as shownin
fQure 3. The otherturbulencepu?omoters(fig.3) ccmsi.stedof three
seriesof flat plateswith 12.4$17.2Jand 21.5 percentopen area. m
each serieswere threeindividualturbulencepmoters havingl/8-inch
holes,l/4-inuhholes,and a singlelargehole. With two of the turbu-
lencepromotershavingl/4-inohholes,additionof a singlel/8-inoh
holewas necessaryto obtainthe desiredWrcentage of open area. The
valuesof percentageof openarea thatwere investigatedcorrespcmdto
valuesused in the primaryzoneof ourrentgas-turbineoombustors.
Investigationof turbulencepromotersgivinghighervaluesof percentage
of openarea (valuescorrespondingto cnmrentram-jetoombustors) was
impossiblebecausestablecombustioncouldnot be mintained with these
turbulencepmnotors.

Water flow to the coolingjacketand to the movablewater SP=Y
and the fuel flowwere measuredby calibratedrotamwters.Air flow
was meteredby a sharp-edgedorificewith vena-contmctataps installed
accordingto A.S.M.E.specifications. Tnlet-airpressurewas nmasured
by a calibratedgage and pressureswere measuredat l-inchintervals
downstreamof the turbulencepromoterby mercurymnaaters. The itiet-
air temperaturesimmediatelyupstreamof the fuel injectorand the
outlet-gastemperaturesat the downstreamend of the insulated4-tnoh
pipewere z@asuredby six-pointchro-l+lumel the-couple mkes. The
fuel temperatureat the injectorinletwas measuredby a singlechromel-
alumelthermocouple.All thermocoupleswere connectedto a self’-
balanoing,indicatingpotentiometer.Temperaturesof’the water at the
the inletto the movablesprayand at the inletand the outletof the
coolingjacketwere measuredby calibmted.mercurythermometers.

PROCEDURE
Ignitionwas obtainedat a pressureabove40 poundsper SWEUW

inch absolute,an inlet+ir velooityof 30 to 40 feet per second,
and a fuel~& ratioof 0.065 to 0.080. Followingi@tion, the
operatingvariableswere adjustedto the desiredvalues. The water
fiow throughthe coolingjaoketuas maintainedconstantthroughout
the investigationsat a valuethat resultedin a temperaturerise
in the jaoketof about 60° F. The waterflow to the movablewater
spraywas adjustedto givean indicatedtemperatureof about 12000
at the downstreamthermcmouplerake. The positionof the movable
spraywas fixed20 inohesdownstreamof the turbulencepromoterat

F



all timesexoeptwhen flam lengthswere investigated.The fuel
temperatureat the inletwas maintainedapproximatelyoonstantat
4000F. At the lowerinlet-airtemperatures,the temperaturesof
the fuel-airmixturelnmdtatelyupstreamof the +urbulenoepro-
moteraveraged50 to 10° ~ abovethe inlet-airtempenture.

In orderto determinethe stabilitylimitsof combustion,all
of the operatingvariables(heed on oondltlcuisupstreamof the
turbulencepromoter)exoeptone were maintainedconstantand that
one was ~adually altereduntilconibustionceased (blow-out) or
be- unstable. For example,in order to determinethe leanfuel-
air-ratiolimits,inlet+ir pwssure, inlet +tlr temperature,
and inlet-airWelocityweremaintainedconstantand thefuel flow
uaa graduallydeoreaseduntilblow-outoaaurred. The fuel-air
ntio at whiohblow-outoocmrredwas reoordedas the lean limit
for thoseparticularconditions.

Combustioneffioienoieswere detemuinedby maintainingall
operatingvariablesoonstantfor 5 to 20 minutesuntilall readings
attainedtheirequilibriumvalues;datawere thenreoorded.

The movablewater - was positimed progressivelycloser
to the turbulencepromoterand datawere recordedat each position
of the spinyto detemine nominalflamelengths. I@minalflame
lengthwas reoordedas the distanoefrom the turbulencepromoter
to the spraywhen an appreciabledrop in combustioneffIoiencyor
blow-outoccmrred.

Data were also obtainedon the pressurelossthrougheaoh
turbulencepromoterfor isothermal(no-burning)conditionsand
for burningconditionswhen combustLon-efficiencydatawere also
moorded.

Combustionefficiencieswere oomputedas follows: The enthalpy
of the conibusttongasesat the positionof the downstreamtherm-
ocouplerakewas obtainedfrom the thermocoupleindication(uncorrected
for radiationor stagnationeffects)and the measuredfuel and air
flow usi~ the data or references2 and 3. The enthalpyof thewater
vaporat this samepositionwas obtainedfrom the thermocoupleindloa-
tionsand the measuredwaterflow to the movablesprayusingthe data
of referenoe4. Thesevalueswere addedto obtainthe totalenthalpy
at the positionof the downstreamthemooouplemke. This valuewas
correctedfor the heat tzaneferredto the coolingjacketand the Inlet
enthalpiesof the air, the fuel,and the SPW waterwere subtracted
to givethe totalrise in sensibleenthalpy. The peroentsgemtio of
this enthalpyrise to the net heatingvalueof the fuelwas reoorded
as combustioneffioienoy.

.
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Inlet-edrvelocities- velooityprestities%&re calculated
from the inlet-airdensitiesusingthe otisa-sectioti~area of the

ls~lnohinside-diametertube. % pertintageoiopen @a of each
t&lmlence prceaoterwas also basedon the a~a
inside-diametertub?.

RESULTSAND DISCUSSION

Severaloheckrunswere donductedin whichall operating
variableswere maintainedoqmixmt exceptthe w&@r flow to the
movqblespray. ThiswaterflowwQ@ @o alteredthat the outlet-gas
temperaturesvariedfrcm 600°to 200& F and in thisrange of outlet-
gas temperaturesthe calculatedoombusttonefficiencyremainedcon-
stant. Thesedata indtcatedthatall the Waterwas vaporizedbefore
reaohingthe downstreamthemooouplerake.

With all the turbulencepromotersinvestigated,l@ition was
possibleonlyat inlet-airpressuresaboVe40 @oundsper squareinoh
absolute,at inlet-airvelocitiesbelow40 feet per seoond,and at
fuel-airratiosabove0.06.

With the conicalIiurbulenoepromoter,6ombustbn ooourredwith less
nofse and pressurefluctuationsthanwith any of the configurations
investigated.The stabilitylimitsof combustionwith this turbulence
promoterare shownin figure4. wet-air velooityis plotteda in.et

7fuel-airratiofor a constantinlet-airstaticpressure(39.7lb sq in.
absolute)and two inlet-airtemperatures(900and 2250F]. Valuesof
outlet-gasstatiopressureat the outletof the Water-.%oketedtubeare
indioatedbesidethe data pointsonfimi% 4(a). tiO-*sinthS tiet-
air velooitywere accompaniedby decreasesin the outlet-es P*SSUZ%S.
The outlet-gaspressurewas not reocn?dedfor all--s. The leanfuel-
air ratiolhits of combustionwere characterizedby an abruptoessation “
of combustion(blow-out)as the fuel-airratiowas deoreased. As the
fuel-airzatiowas increasedto detezminethe rich limits,theocmbustion
firstbeoameunstableand finallyblti-outocmurredas the fuel-airratto
was furtherincreased. The combustionwas characterizedby high-frequenoy
vibrations(of the orderof magnitudeof about 1000 Gps). The unstable
combustionwas characterizedalso by low-frequenoypressurefluctuations
and sometimesby sporadicburstsof noisycombustion.

The leanfuel-airratio lhuitof combustiondid not vary
appreciablywith inlet-airvelocity~til the ~ximum attainable
velocltywas oloselyapproached.At an inlet-airtemperatureof
900 F and an inlet-airstaticpressureof 39.7 poundsper squ-
inchabsolute,this leanfuel-qirratiolhit was apmoxi=ti~
0.057;at 225°F and 39.7 poundsper squareiimhabsolute,this
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limitwas decreasedto about0.053. At the lowerof the two inlet-
air temperaturet3,the maximuminlet-airvelocdtyat whloh combustion
couldbe n@ntalned was about64 feet per secondand ocourredat a
fuel-alrratioof 0.065. At the higherinlet-airtemperature,the
~ inlet-airvelocitywas about 83.5feet per secondand ooourred
at a fuel-airratioof 0.062.

The ourves were not exbendedto lowerinlet+iirvelocities
be~USt3 oomibustiawas SpOl%ldfO and intimtlttentlyflashedback
throughthe holes In the turbulencepromter when the inlet-air
velocitywas reducedbelowapproxinmteQ40 feet per second.

.
The stabilitylimltsof combustionwith the flat-phte turbu-

lencepromotershaving12.4,17.2,and 21.5peroentopenarea are
shuwnin figures5(a),5(b),and 5(o),respectively.For each

?
~rcen e of openarea,threeindividualturbulencepromoters
having1 8-inoh-diameterholes,l/4-inoh-dian&erholes,and a
singlelargeholewere investigated.A sketohof each turbulence
_ter fidicat~ the hole sizeand arrsmgemmt is @hm beside
each curvein figure5. The stabilityllmitcurvesfor an inlet-
air staticpressureof 39.7 poundsper squareinchabsoluteand an
inlet-airtempemture of 80°F are presentedfor all turbulence
promotersexceptthe one having21.5~rcent openareaand l/4-inch
holes (fig.5(0)); combustioncouldnot lm maintainedat thesecon-
ditionswith this turbulencepromoter. b figures5(b)and 5(o),
additionalstabili~ limitsare presentedfor an inlet-airtemper-
ature of 200°3’.

The curms in figures5(b)ad 5(o)presentingstabilityllmtts
at the two inlet-airtemperaturesshowtrendsconsistentwith those
indicatedin figure4; that is, the stabilitylimltswere widened
and the maximumvelocityfor stablecombustionwas shiftedto leaner
fuel+airratiosas the islet-airtemperaturewas increasedin the
- illVOstigated.

For each series of turbulencepromotershavinga differentwr-
centageopenarea,the intermediatesizeholes (1/4-in.di~ter)
gave stablecmibustionto leanerfuel-airratiosand to hi@er met
velocities.As the percentageopenareawas @?ogressivelyinoreased
throughthe range investigated,stablecczubustionwas obta-ble to
higherinlet-airvelocitiesbut therewas no appreciablechangein the
leanfuel-edrratiollmits. With ~bulence promters havinggreater
percentageopenarea,the outlet-gaspressureswen higherfor a
giveninletair velooityand the data of referenoe1 indicatethat
this Increase~ aocountin partfor the attainmentof highervelo-
citieswith theseturbulencepromoters.Valuesof maximumvelmity
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for stablecombustion(valuescorrespondingto the peaks of the
curvesin ftg. 5) are plottedin figure6 as a funotionof hole
size in the turbulencepromoters.

With none of the fIat-plateturbulencepromotersinvestigated
was combustionas smoothas with the conloalttibulenoepromoter.
With the flat-plateturbulencepromoters,slightpressurefluctuations
were encounteredthroughoutthe operatingmnge and blow-outsvere
not as abruptas with the conioalturbulence remoter. The conioal

Tturbulencepromter had the samenumberof 1 8-inohholesas the
flat-plateturbulencepromter havingl/8-inohholesand 17.2-peroent
openarea. Comparisonof the stabilitylimitspresentedfor these
two turbulencepromotersin figures4 and 5(b) showsthatwith the
flat-plateturbulencepromoteroanbustionwas maintainedto a maxi-
mum inlet-airvelocityof 68 feet per seoondat an Inlet-airtemper-
ature of 80° F, whereascombusticmwas maintainedto 64.5 feet per
secondat an inlet-airtempe?xdmreof 90° F with the amloal turbu-
lencepromoter. The leanfuel-air-ratiolimitswith thesetwo turbu-
lencepromoterswere nearlythe same.

With all the turbulencepromters investigated,the rioh fuel-
air-ratiolimitswere not clearlydefinedbeoause burningbeoame
progressivelynmre intermittentas the fuel-airratiowas inoreased
and the rioh-limitblow-outsdid not oamr repeatedlyat exaotlythe
_ fuel-airratio. With all the turbulencepromoters,burningalso
becaIMprogressivelynmre intermittentand showeda tendencyto flash
back throughthe holes in the turbulencepromoteras the inlet-air
velocitywas decreasedbelowapprox-tel.y45 feetper second.

With the turbulencepromotersinvestigated,at an inlet-air
pressureof 39.7 ~oundsper squem inchabsoluteand an inlet-air
tempemture of 80 or 90° F mmbustion couldnot be ?mdntainedat
fuel-airratiosbelow0.05 or at velocitiesabove 87 feet per second.
With the turbulencepromotersinvestigatedat the hi~er inlet-air
temperatures(200°or 225°~) mnibustionoouldnot be maintainedat
fuel-ir ratiosbelow0.05 or at velocitiesabove 107 feet per sec-
ond. Theselimitsare much narrowerthan the limitsof ete+blecom-
bustionencounteredwith mnventionalmm jets.

The combustioneffioienoyrangedbetween85 and 95 peroentwith
all the turbulencepromotersand operatingconditimsinvestigated.No
oasistent trendswere Indioatedas the inlet-airpressure,inlet-a~
temperature,inlet-airvelooity,and fuel-airratiowere independently
varied,possiblybeoauseof the narrowrangesinvestigated.

The enthalpytransferredto the water passingthroughthe oeollng
jacketamountedto approxtitely 15 peroentof the heatingvalueof the
fuel for mat runs.
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The ratioof the total-pressureloss throughthe turbulence
_ters to the inlet-airvelooity Pressure AP/q rangedfrom
100 to 140 at isothermal(no-burning)conditionswith the various
turbulencepromoters. Thesevaluesof AP/q are 100 to 200 times
as greatas thoseobtainedwith conventionalram jets. The ratio
of the total-pressurelossto the velocitypressurebased on
upstreamdensityand the oross-sectionalarea of the combustion

zone (1~-in. dlanwtertube) AX’/q2mnged from 133 to 186 at iso-
thermalconditions.~~e valuesof AP/q2 are approximatelythe
sam as correspondingvaluescomputedfor the prlmry oombustlon
zone of the turbojetoozibustorof mfe=noe 1. The pressure
lossesthroughthe turbulencepromotersinvestigatedwere about
10 t-s as greatas thosereportedinreferenoe1, Indhating
that the velocitieswere muoh higherin this investigationthan In
the primry zoneof the turbojetconibustor.Ae pzwviouslynoted,
maintenanceof stablecombustionat low Velooitfesand consequently
investigationof the rangeof velocitiesexistingin the primry zone
of the turbo~t conibustorwere impossible.

With lmrning,the measuredvaluesof the pressuredrop showed
~a~ matter and averaged20 peroentabovethe mlues oalculsted
by addingto the tsotherml frictionlossthe loss mrrespondingto
the nwmzred temperaturerise (mmmnturaloss). These results my
indioate burning in the boundarylayerinunediatelyupstreamof the
turbulencepromter.

As the movablewater spraywas positionedprogressivelyoloser
to each turbulencepromoter,in no easewas anappreoiablechangein
combustionefftoienoynotedbeforereaohingthe positicmatwhioh
bluw-outooourredbut the noise dmnged in tone tndioatinga ohange
in the resonantfrequenoy. The nominalfkme lengthswere about
2 in&es for the turbulenceprcmotersInvestigatedwith blaw-out
ooourr’@ ab?mptlyIf the water spraywas movedany closerto the
turbulencepromoter. Beoausetherewere no observationwindowsin
the water-jacketedtube, it was impossibleto asoertalnwhethervisible
flamesextended downstreamof the water spray or whether the f-s
-d in appe=wme as the spraypositionwaa ohanged.

*

.

BeoauseoonibustionstartedInmdiately downstream(sadperhaps
upstream,as previouslynoted}of the turbulenceprcmwters,theyaoted
as flam holdersas well as turbulmoe promoters. Thefreffectiveness
my be dete-d by faotors other than the turbulencethey produoed.
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SUMMARYOF RESUIXS

The resultsobtainedin the investigationof oombusti= down-
streamof oertainturbulencepromoterswith premixedvaporizedfuel
and air in a l~inch-diameterwater-jacketedtube are summarizedas
follows:

1. Combustionwas zaaintainedat progressivelyhigherinlet-air
velocitiesfor a constantinlet-alrpressureand temperatureas the
percentageopenarea of the turbulencepromoterswas progressively
increased,probablybeoausethe pressurein the cmzbustionzone
increasedwith Increasedopenarea. For a fixedpercentageopen
area, cmnbustionwas maintainedat slightlyhigherinlet-airvelo-
citieswith the intermediate(1/4 in.) hole size investigated.

2. With the turbulencepromotersinvestigatedat an inlet-air
pressureof 39.7 poundsper squareinohabsoluteand an inlet-air
temperatureof 80° to 90° 3’,combustioncouldnot be maintainedat
fuel-airratiosbeluw0.05 or at inlet-airvelocitiesabove 87 feet
per second. At the higherfnlet-airtemperaturesinvestigated
(2000or 2250F), the litits of ~bustion were somewhat~iderc

3. With all the turbulencepromotersinvestigated,ignitionwas
possibleonlyat inlet-airpressuresabove 40 poundsper squareinch
absolute,at inlet-airvelocitiesbelow40 feet per second,and at
fuel-airratiosabove 0.06.

4. The conicalturbulencepromotergave burningwith less
resonancethan any of the configurationsinvestigatedalthoughIt
did not permitbuzmlngto velocitiesas high as with a flat-plate
turbulencepromoterhavingthe samenumberand size of holes.

5. The combustionefficiencyrangedbetween85 and 95 percent
with all the turbulencepromotersand operatingconditionsinvesti-
gated.

6. The ratio of the isothermaltotal-pressureloss throughthe
turbulencepromotersto the velocitypressureoomputedfrom the
upstreamdensityand the cross-secti&al
was approximatelythe sameas the values
combustionzone of a typioalgas-turbine

7. Nominalflame lengthsof about2
use of the movablewater spray.

FlightPropulsionResearchLaboratory,

area of the combustionzone
oomputedfor the primary
combustor.

incheswere indicatedby

—
Natio&l AdvisoryCommitteefor-Aeronautics,

Cleveland,Ohio.
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FiSUU 1. - Photographof2-inchounbustionappwatus.
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Figure 4. - Effect of inlet-alr temperature, Inlet-air velocity,
and fuel-air ratio on limits of stable combustion of conical
turbulence promoter. Inlet-air static pressure, 39.7 pounds
per square inch absolute; open-hole area, 17.2 percent.
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Figure 5. - Continued. Effect ol?hole size of flat-plate turbulence

~
romoters on Mmits of stable combusthn. Inlet-air static pressure,
9.7 pounds per square inch absolute. Values of outlet-gas pressure
in pounds per square inch absolute indicated beside data points.
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